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Comparative analysis of protein extraction methods for the
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A very fast and simple sample preparation protocol was applied
to obtain bacterial cell extracts for the analysis by MALDI-TOF
MS and resulted in highly reproducible spectral profiles.ART  C0AY0045
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Species differentiation of food pathogenic and spoilage bacteria
and safety. Matrix-assisted laser desorption ionization-time of fl
TOF MS) has been applied to species identification of microorg
cost-effective technique and allowing species differentiation due t
obtained. In this work, bacterial strains from our laboratory in
pathogenic and spoilage species were studied by MALDI-TOF
protocols were applied and compared to each other. Two meth
whole bacterial cells that were suspended in an organic solvent
target. In a different sample preparation technique, cell extracts
cells by a dissolution/centrifugation step. The protocol applied
shown to to be very fast and simple, allowing the standardizati
Furthermore, the analysis of cell extracts had several advantage
suspensions of whole bacterial cells. Thus, spectral profiles obta
noise and more reproducible peaks as compared to spectra obtain
cell extracts by MALDI-TOF MS was also applied to create a
pathogenic and spoilage bacteria potentially present in seafood a
and accurate method for microbial species differentiation, as we
unknown strains isolated from seafood.
Introduction
Bacterial species identification is essential in the area of clinical
analysis, aiming for the detection and correct treatment of
human diseases. Furthermore, the differentiation of bacterial
species plays an important role in the food sector. On one hand,
the detection of food-borne pathogens allows one to control and
minimize the microbiological hazards of food products. On the
other hand, the shelf-life of food products can be predicted and
enhanced by the analysis of the microflora and food-spoilage
bacteria, potentially present in the food products. Traditionally,bacterial species have been identified by classic tools relying on
culturing processes coupled to morphological, physiological and
45
50
55biochemical characterization. In the last few decades, the prog-
ress of microbiological identification has turned to more rapid
and sensitive methods, including miniaturized biochemical
systems, antibody-based assays and DNA-based methods,
coupled with important advances in bioinformatic tools.
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Recently, the development of rapid and high sensitive tech-
niques, such as real-time PCR, DNA microarrays and biosen-
sors, has resulted in the replacement of traditional culturing
methods of bacterial identification in both clinical diagnostics
and in the food sector.1–3
Although, phenotypic and genetic tools offer an accurate
identification of bacterial species, these techniques are labor
intensive, time consuming and expensive. Furthermore, some
bacterial species are difficult to distinguish by DNA-based
molecular tools, because of high sequence similarities.
In the last few years, proteomic tools have been applied for the
identification of bacteria, finding that mass spectrometry is
a competent tool for species differentiation.4,5 In particular,
matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) has been reported to be a very
fast and simple method for bacterial differentiation, due to its
rapidness, reduced cost and minimal sample preparation,
compared to traditional techniques.6–8 Spectral profiles obtained
by MALDI-TOF MS are highly selective for each bacterial
species, resulting in specific fingerprints that allow the differen-
tiation of bacteria on the genus, species and even strain level.9,10
In general, characteristic high-mass ions obtained by MALDI-
TOF MS are attributed to proteins.6,7 In some studies peak
patterns obtained by MALDI-TOF MS were identified and
confirmed that most peaks are generated by proteins11,12 and
especially by ribosomal proteins.1300457J
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species identification based on MALDI-TOF MS. The first
technique is based on bioinformatics and identifies a bacterial
species by matching the experimentally determined masses of
protein biomarkers against sequence-derived masses of proteins,
found together with their source organisms in proteome data-
bases.14 However, to be applicable in the field of bacterial iden-
tification, database searches require a high mass accuracy and
identification is limited to well-characterized microorganisms,
where a number of sequenced biomarkers are known.7 In the
second approach, bacterial identification is based on the
comparison of the sample spectrum to a reference library.10,15
The so-called ‘‘fingerprint approach’’ has proved to be applicable
for bacterial species-classification and many works have been
done in constructing spectral databases of a huge number of
bacterial strains.15–18 However, the critical challenge of these
techniques is the limited availability of such reference databases.
Furthermore, studies are mainly focused on clinical areas,
whereas only a few studies have been realized on microbial food
analysis.10,19,20
Many studies have been carried out to optimize the sample
preparation protocol21–24 and the evolution of spectral data,25,26
facilitating spectral comparison and making MALDI-TOF MS
an accurate tool for bacterial species identification. To allow the
comparison of spectral profiles, special attention has to be given
to the reproducibility of the applied method. Various authors
observed a sensitivity of the obtained spectral profiles to little
changes in the sample preparation protocol.21,23,27 Thus, a strict
sample preparation protocol has to be followed, with the aim to
obtain reproducible and representative fingerprints. Whereas
earlier works used protein fractions isolated from bacterial cells,
intact cell mass spectrometry (ICMS) was later developed to
analyze whole cells directly without any sample pre-treatment.28
The aim of the present work was to establish a standardized
sample preparation protocol, such that specific and reproducible
spectral profiles can be obtained in a rapid and labor-saving way,
allowing spectral comparison and the subsequent differentiation
of bacterial species. For that, different sample preparation
protocols were applied and compared to each other.
Furthermore, the study was focused on bacterial species with
an interest in the seafood-sector, including the main seafood-
pathogens and spoilage species, aiming towards the construction
of a spectral reference library for the identification of bacterial
strains isolated from seafood.
Experimental
Bacterial strains and culture media
Bacterial strains were obtained from the laboratory intern
collection that included strains isolated from seafood, as well as
reference strains from the Spanish Type Culture Collection
(CECT) of the main seafood pathogenic and spoilage species
(Table 1).
The frozen stored strains were reactivated in Brain-Heart-
Infusion (BHI) (Becton, Dickinson and Company, Le Pont de
Claix, France) and incubated for 24 h at 30 C. Afterwards,
bacterial cultures were grown on Plate-Count-Agar (PCA)
(Oxoid, Hampshire, England) at 30 C and single colonies wereART  C0AY
2 | Anal. Methods, 2010, xx, 1–8isolated. For MALDI-TOF MS sample preparation, pure
cultures were previously grown on PCA and incubated for 24 h at
30 C.
MALDI sample preparation
Matrix solution. The optimized matrix solution was the same
for the three sample preparation methods and contained satu-
rated a-cyano-4-hydroxycinnamic acid (a-CHCA) (Sigma-
Aldrich, Saint Louis, MO) in 50% acetonitrile (ACN), (Merck,
Darmstadt, Germany) and 2.5% aqueous trifluoroacetic acid
(TFA), (Acros Organics, NJ).
Whole cells. Different quantities of bacterial culture (0.7, 1.5
and 5 mg) were spotted onto a target well of the stainless steel
plate. Afterwards, biomass was overlaid with the matrix solution
and allowed to dry at room temperature.
Whole cell suspensions. One loopful (1 mL loop) of each
bacterial culture was harvested in different volumes (10, 20, 50
and 100 mL) of the matrix solution. After mixing by vortexing,
a 1 mL aliquot of the sample/matrix solution was manually
deposited onto a target well of the stainless steel plate for
MALDI-TOF MS and allowed to dry at room temperature.
Cell extracts. For the preparation of the cell extracts two
protocols were applied. First, one loopful (1 mL loop) of each
bacterial culture was harvested in different volumes (10, 20, 50
and 100 mL) of the matrix solution and mixed by vortexing. After
centrifugation, a 1 mL aliquot of the supernatant was spotted
onto the target well and allowed to dry at room temperature.
Second, a small amount of biomass (1 mL loop) was harvested in
100 mL of a solution containing 50% ACN and 1% aqueous TFA
(without matrix) and mixed by vortexing. After centrifugation,
the supernatant was transferred into a new tube and stored at
20 C until analysis, including a time period of one week until
six months. Before analysis, a 1 mL aliquot of the supernatant
was mixed with 10 mL of the matrix solution. A 1 mL aliquot from
the sample/matrix solution was manually deposited onto a target
well and allowed to dry at room temperature. For the creation of
the spectral library of reference strains, two extractions per
Table 1 Genera considered in this study
Genus
No. of
Genus
No. of
species strains species strains
Acinetobacter 1 1 Pantoea 1 2
Aeromonas 1 1 Photobacterium 2 2
Bacillus 6 20 Proteus 3 6
Carnobacterium 2 3 Providencia 2 2
Citrobacter 1 1 Pseudomonas 4 21
Clostridium 2 2 Raoultella 1 1
Enterobacter 4 4 Serratia 3 8
Hafnia 1 1 Shewanella 3 3
Klebsiella 2 2 Staphylococcus 4 5
Listeria 5 9 Stenotrophomonas 1 8
Morganella 1 2 Vibrio 3 300457J
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sample were carried out and each of the extracts was measured in
duplicate, ultimately acquiring 4 spectra for each bacterial strain.
Spectra acquisition
Mass spectra were obtained using a Voyager DE STR MALDI-
TOF Mass Spectrometer (Applied Biosystems, Foster City, CA)
operating in linear mode, extracting positive ions with an accel-
erating voltage of 25,000 V and a delay time of 350 ns. The grid
voltage and guide wire were set to 95% and 0.05% of the
extraction voltage, respectively. Spectra taken in them/z range of
1500–15000 were obtained in 10 different regions of the same
sample spot and each was the result of the accumulation of at
least 1000 laser shots. The spectra were externally calibrated
using a mixture of 2 pmol/mL oxidized B chain of insulin and 2
pmol/mL bovine insulin (Sigma-Aldrich).
Data analysis
Mass spectra were processed with the DataExplorer software
(Version 4.0.0.0), baseline corrected, noise filtered and analyzed,
considering the mass interval 2,000–10,000 Da, due to the good
reproducibility of the spectral profile in that range. Data lists
containing m/z values were extracted from mass spectral data,
including signals with relative intensities higher than 2%. The
final peak mass lists for each strain were obtained, extracting
representative peaks present in all spectra acquired for each
strain. All mass lists were further processed with the free avail-
able web-based application SPECLUST (http://bio-
info.thep.lu.se/speclust.html). The web interface calculates the
mass difference between two peaks taken from different peak
mass lists and determines if the two peaks are identical after
taking into account a certain measurement uncertainty (s) and
peak match score (s). The peak match score represents the
probability that two peaks with measured masses m and m0 have
a mass difference equal or larger than |m-m0|, given that the mass
difference is only due to measurement errors.29
Furthermore, the mass lists of all studied strains were clustered
with the clustering option available on the web interface SPE-
CLUST. The agglomerative clustering method starts with
creating one cluster for every peak list and calculates distances
between the clusters. For calculating distances between two peak
lists, all individual similarity scores for every pair of two peak
lists were added. A correlation based metric was used and the
width in peak match score was set to 5 Da.29 The two closest
clusters, in this study the two clusters with the smallest average of
pair wise distances (average linkage method), are then merged to
a new cluster and distances are recalculated. This process is
continued until only one single cluster remains.
Results and discussion
MALDI-TOF MS has been shown to be a competent tool for
bacterial species differentiation, due to the resulting highly
specific spectral profiles, named fingerprints.30 For bacterial
identification, the spectral profile of a strain of interest is
compared to a spectral library. For the comparison of spectral
profiles, reproducibility plays an important role. It has been
shown that spectra can display high variability depending on the
sample preparation protocol.21,23,27 Therefore, the critical point
3
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a strict standardized protocol for sample preparation has to be
followed to obtain reproducible spectra and allow comparison of
different bacterial spectra.
In the present work different sample preparation protocols
were carried out and compared. The first sample preparation
protocol tested was based on the direct application of bacterial
biomass, taken from culture plates, on the MALDI-TOF MS
sample plate. Later, the bacterial cells were overlaid with the
matrix solution. Although this method was the most rapid and
labor-saving, the spotting of biomass directly on the sample plate
had several disadvantages. In this sense, it was found to be
difficult to obtain a homogenous distribution of sample and
matrix in the sample spot. The major problem of this method was
the difficulty in taking the correct amount of biomass to obtain
good and reproducible spectra. In Fig. 1 spectral profiles that
resulted from different amounts of biomass (0.7, 1.3 and 5 mg)
are shown. It may be observed that the amount of biomass had
a great influence on the resulting spectra and an increasing load
of biomass reduced the quality of spectral profiles drastically.
Furthermore, we could not obtain reproducible spectral profiles
with this fast method, and spectra showed more noise and less
peak resolution in comparison with the other sample preparation
techniques. However, this technique was described by a number
of authors and successfully applied for bacterial species identi-
fication and the construction of spectral reference databases,
such as the Microbelynx bacterial identification system16 and
the Spectral ARchive And Microbial Identification System
(SARAMIS, AnagnosTec).17
In a second sample preparation approach, bacterial colonies
were harvested in a solvent to obtain cell suspensions of whole
bacterial cells. Most studies of MALDI-TOF MS for bacterial
discrimination have been based on this method and the sample
preparation usually included one or two washing steps, before
the cell pellet was resuspended in the matrix solution.19,21,24,31
These washing steps are time-consuming and small soluble
proteins are lost. Some authors also described a similar sample
preparation method, but here no washing step was applied and
the bacterial colonies were harvested in a solvent to obtain cellsuspensions.32
In the present work, in order to test this method, cell suspen-
sions were prepared without washing steps in different volumes
of matrix solution (10, 20, 50 and 100 mL). The best spectral
profiles were obtained when the biomass was harvested in 100 mL
of matrix solution (Fig. 2).
In a third approach, based on the latter method, cell suspen-
sions were centrifuged and spectra obtained by the analysis of the
supernatant were compared to the spectra resulting from cell
suspensions without a centrifugation step.
The analysis of cell extracts differs from commonly applied
sample preparation protocols in that suspensions of whole cells
are analyzed as described by Wang et al. (1998). One of the
advantages of this technique is the rapid and effortless sample
preparation. The extracts were obtained in just one dilution/
centrifugation step and did not require time-consuming washing
steps, as it was the case in sample preparation protocols applied
by many other authors. Although, when working with the
extracts it should be expected to find small, soluble proteins,
spectral profiles showed a high number of peaks, similar or even
00457J
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higher than those obtained by the analysis of whole cell
suspensions. In Fig. 3 spectral profiles of two Pseudomonas
strains, obtained by analysis of cell extracts (a, c) and cell
suspensions (b, d) are shown. As it may be observed, the spectra
were very similar for both sample preparation techniques, having
most peak masses in common.
Thus, analyzing cell extracts instead of whole cell suspensions
does not affect the number of peaks detected, neither the nature
of proteins. Nevertheless, although in the obtained spectra only
a few differences could be observed between the different
extraction methods, the analysis of cell extracts had several
advantages over the commonly applied analysis of whole cells
and cell suspensions, such as a better reproducibility, a higher
resolution and less noise. The decreasing of noise, lessening the
background, and the increase in resolution leads to more repre-
sentative and characteristic peaks for each bacterial species,
improving the reproducibility. It should be mentioned that, in
general terms, a more homogenous distribution of sample and
matrix is expected with cell extracts, than with cell suspensions.
Table 2 4gives an overview of the different sample preparation
methods. In the case of cell suspensions and cell extracts the
biomass can be harvested directly in the matrix solution, or in an
organic solvent without matrix. Since the matrix solution is
unstable, the dilution in an organic solvent without addition of
the matrix has the advantage that the matrix solution can be
prepared just before analysis by MALDI-TOF MS. Different
samples can be stored at different times and diluted with the
matrix just before analysis. In this sense, the sample solution can
be mixed with the matrix solution before spotting to the target
well, or can be first applied to the target well and then overlaid
with the matrix solution. However, in our study we obtained
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40Fig. 1 Spectra obtained by analysis of whole cells of a Morganella
morganii strain, applying different amounts of biomass to the target well:
a) 0.7 mg, b) 1.3 mg and c) 5 mg.Fig. 2 Spectra obtained by analysis of whole cell suspensions of aMorganella
b) 20 mL, c) 50 mL and d) 100 mL.
ART  C0AY
4 | Anal. Methods, 2010, xx, 1–8a more homogenous crystallization, when mixing the sample and
matrix solution before applying to the sample target.
Based on these results, the protocol to obtain cell extracts was
modified and the biomass was harvested in 100 mL of a solution
of 50% ACN and 1% aqueous TFA without matrix. After mixing
by vortex and centrifugation, the supernatant was stored frozen
until analysis. As mentioned above, this approach simplifies the
analysis since samples can be stored until analysis. In contrast,morganii strain, diluted in different volumes of matrix solution: a) 10 mL,
00457J
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stored over a long period of time and has to be prepared just
before analysis. This is so, because the matrix a-CHCA is
unstable and should be carefully stored under dry conditions.
Remarkably, the supernatants stored without matrix showed
reproducible spectral profiles after six months of frozen storage
(Fig. 4). Before analysis the supernatant was mixed with the
matrix solution and then spotted to the target well. Remarkably,
the best results were accomplished when the sample solution was
diluted 1 : 10 with the matrix solution, resulting in highly
Fig. 3 Spectra of a Pseudomonas fluorescens strain obtained from cell ex
obtained from cell extract (c) and cell suspension (d).
Table 2 Comparison of different sample preparation protocols for MAL
Whole cells Whole ce
Sample preparation
(1-2 cycl
centrif
Direct application of biomass to
target well
Harvest
(w/wo
Applicat
Overlaid with matrix solution (Overlaid
Advantages and disadvantages
Very fast method Time con
Less homogenous crystallization Homoge
Less reproducibility Good re
More noise More no
Less resolution of peaks Good reART  C0AY
This journal is ª The Royal Society of Chemistry 2010reproducible spectral profiles with little noise and a very good
resolution of peaks.
The described protocol was applied for the analysis of Gram-
negative as well as Gram-positive strains. Various authors have
applied a different protocol for Gram-positive bacterial cells,
including pretreatments with lysozyme and/or sonication, to
increase the number of ions detected by MALDI-TOF mass
spectrometry.33,34 In our study we showed that the lysis of
bacterial cells by a solution of an organic solvent (acetonitrile)
and a high concentration of a strong acid (TFA) was sufficient to
ct (a) and cell suspension (b); and spectra of a Pseudomonas fragi strainuspension Cell extract
f washing/
tion steps)
Harvest biomass in organic solvent
(w/wo matrix)
Centrifugation
ass in organic solvent
trix)
(Supernatant mixed with matrix
just before analysis)
to target well Application to target well
th matrix solution) (Overlaid with matrix solution)
ing washing steps Very fast method
s crystallization Homogenous crystallization
ducibility Best reproducibility
Low noise
tion of peaks Best resolution of peaks00457J
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35obtain a number of representative peaks, allowing the differen-
tiation and classification of Gram-negative, as well as Gram-
positive strains with the same protocol. As expected, due to the
differences in the cell wall structure, spectra of Gram-positive
strains generally showed fewer peaks and a lower mass range
than Gram-negative strains, agreeing with the results of other
authors.31
As mentioned before, spectral reproducibility is very
important to obtain representative fingerprints for every
bacterial species and to allow spectral comparison. In the
present work analysis by MALDI-TOF MS was carried out in
quadruplicate for every strain to demonstrate biological and
Fig. 4 Spectra of Photobacterium damselae (a, b) and Pseudomonas fragi
(c, d); directly after preparation of cell extracts (a, c) and after six months
of storage at 20 C (b, d).technical reproducibility. For spectra analysis, the web
application Speclust was used to examine the four spectra of
each sample, extracting representative peaks that were present
in all four spectra. The mass variability was less than 3 Da
in the mass range lower than 7000 Da and less than 5 Da in
the mass range above 7000 Da, in accordance with mass errors
described by other authors.18,19,35 In this way, final peak mass
lists, each including 10–35 average peak masses, were gener-
ated and represented reproducible bacterial fingerprints.
Although spectra obtained by MALDI-TOF MS can only be
compared when the same protocol is applied, we observed
a number of peak masses for some bacterial species that had
already been described by other authors through the use of
different protocols. Mazzeo et al. (2006) obtained very similar
spectral profiles for the genera Pseudomonas, Proteus and
Listeria, even though they analyzed suspensions of intact cells.
Such characteristic peak masses that are present in the
spectra, independent from the different protocols applied,
could serve as biomarker peaks for the identification of the
corresponding bacterial species.
ART  C0AY
6 | Anal. Methods, 2010, xx, 1–8The established protocol was applied for the study of the main
seafood pathogenic and spoilage bacterial species obtained from
culture collection (CECT) as well as isolated from seafood. A
reference library was created and included spectral data of 22
genera and 53 different bacterial species.10,20 Furthermore, the
method was successfully applied for the classification and iden-
tification of unknown bacterial strains isolated from different
seafood samples (unpublished data). The comparison of the
unknown spectral profiles with the library of reference spectra
was carried out with the web-application Speclust that deter-
mined common peak masses between the studied peak mass lists,
allowing the differentiation of the studied genera and species.
Furthermore, the peak mass lists of all studied strains were
clustered with the clustering option also available on the web-
interface Speclust. In a previous study, we demonstrated that the
obtained dendrogram showed a clear grouping on the genus- and
species-level. In addition, we found a good correlation between
the proteomic cluster and the phylogenetic analysis obtained by
genetic tools.20
The applied sample preparation protocol together with the
web-application Speclust that facilitates a rapid and simple
data analysis, show that MALDI-TOF MS fingerprinting
proves to be a fast and accurate technique for bacterial species
differentiation. This technique can discriminate bacteria in
less than two hours, including preparation of the samples,
loading them into the MALDI-TOF machine, and analyzing
them, compared with conventional testing methods, which
take at least two days. Furthermore, MALDI-TOF MS
fingerprinting represents an effortless, accurate and cost-
effective technique, making it a potential new platform for
routine identification of bacteria in clinical bacteriology as
well as in the food sector.8 In this sense, some authors
consider that, taking into account the cost of materials and
staff, the cost of bacterial identification by MALDI-TOF MS
is around two-thirds less than conventional methods.36,37
These authors even state that this approach will soon replace
conventional pathogen testing for the identification of either
common pathogens, or for some bacterial species that require
time to grow, such as mycobacteria. Hsieh et al. (2008)asserted that the approach can identify bacteria with low
abundance even in mixed flora. This can be a great advantage
for seafood pathogenic and spoilage bacterial identification to
ensure the safety and quality of seafood products.
Conclusions
Different sample preparation methods for bacterial species
differentiation by MALDI-TOF MS fingerprinting were
compared. The best results were achieved with the analysis of cell
extracts, which exhibited highly reproducible spectral profiles
with low noise and a good peak resolution. The protocol
involving the preparation of cell extracts proved to be very fast
and labor-saving. Furthermore, cell extracts can be prepared
before analysis and may be stored frozen for a long time. In
addition, the established sample preparation protocol for the
analysis of bacterial cell extracts can be easily standardized and
can be successfully applied for the identification of bacterial
strains isolated from seafood by comparison of spectral profiles
with those of the reference library.
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